Microwave photoconductivity of a two-dimensional electron gas due to 

intra-Landau-level transitions 
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Motivated by a recent experiment, we study the microwave-induced photoconductivity of a two- 
dimensional electron gas arising from intra-Landau-level transitions within a model where the elec- 
trons are subject to a unidirectional periodic potential in addition to a weaker impurity potential. 
With appropriate identifications, our results can be compared to experiment and allow us to explain 
the sign of the photocurrent, its dependence on magnetic field and microwave frequency as well as 
the microwave-induced suppression of the Shubnikov-deHaas oscillations. 



I. INTRODUCTION 

Recently, novel magnetooscillations of the microwave 
photoconductivity were discovered in ultra-high-mobility 
two-dimensional (2d) electron systems in the presence 
of a weak magnetic field 1^2^^ For sufficiently strong 
microwave intensity, the longitudinal photoconductivity 
can become close to zero in certain magnetic field re- 
gions, with seemingly activated temperature dependence. 
Specifically, such so-called "zero-resistance states" occur 
whenever the microwave frequency to is related to the cy- 
clotron frequency u> c as oj — (k + a)u> c (k = 1,2,3...; a 
is a constant phase shift). 

Several mechanisms have been proposed to account for 
the photocurrent oscillations, 6 . 7 . 8 ! 9 ! 10 . 11 ! 12 . 13 ! 14 ! 15 ! 16 ! 17 ! 18 
One mechanism is based on the observation that disorder- 
assisted microwave absorption is accompanied by a real- 
space displacement which depending on the magnetic 
field, is preferentially along or against the applied dc 
electric field ASiiSiiiiiS We refer to this mechanism as 
displacement mechanism (DP). A second contribution to 
the photoconductivity arises from the microwave-induced 
change in the electronic distribution functionAi 3 ^ It 
turns out that typically, this distribution-junction mech- 
anism (DF) tends to dominate the magnetooscillations 
of the photoconductivity in realistic samples^ although 
there are exceptions to thisii 7 - Zero-resistance states are 
expected to occur once the microwave-induced oscilla- 
tions become so strong that the microscopic longitudi- 
nal conductivity is negative within certain magnetic-field 
regions^ 7 - 

In a very recent experiment, Dorozhkin et a/. 1 ™ focused 
on the regime w « w c . Unlike in previous experiments, 
the microwave irradiation can then only induce intra-LL 
transitions. According to Dorozhkin et at, a considerable 
microwave-induced reduction of the diagonal conductiv- 
ity is observed in this regime, but it appears that no 
zero-resistance states were found. This overall reduction 
of the diagonal conductivity is accompanied by a signifi- 
cant suppression of the Shubnikov-deHaas oscillations. 

In this paper, we investigate the effect of microwave- 
induced intra-Landau-level transitions on the photocon- 
ductivity within a model in which the 2DEG is sub- 
jected to a unidirectional and static periodic potential. 



As shown in Ref. IT7L this model allows one to compute 
the photoconductivity using Fermi's golden rule which, in 
the appropriate geometry, leads to results which are para- 
metrically consistent with those for disorder-broadened 
Landau levels. We find that our results are consis- 
tent with the principal experimental findings and predict 
a periodic-potential induced anisotropy of the intra-LL 
photocurrent. 

This paper is organized as follows. In Sec. ^ we intro- 
duce the model and discuss the basic processes which 
contribute to the photoconductivity for lo <C <jJ c - I n 
Sec. IIIII , we explicitly compute the photoconductivity 
in this regime, including both the displacement and the 
distribution-function mechanism. Our results are com- 
pared to experiment in Sec. lIII Dl and summarized in Sec. 

El 



II. MODEL AND BASIC PROCESSES 

We consider a two-dimensional electron gas (2DEG) 
subjected to a perpendicular magnetic field B and 
a unidirectional, static modulation potential V(r) — 
Vcos(Qx) of period a = 2it/Q. We assume that the 
modulation potential V(r) exceeds the residual disorder 
potential U(r), whose correlator W(r) falls off isotropi- 
cally on the scale of the correlation length £. As appro- 
priate for a high-mobility 2DEG, we assume a smooth 
disorder potential with correlation length £ 3> Xf- (Xf 
denotes the zero-field Fermi wavelength.) 

The 2DEG is irradiated by microwaves described by 
the electric potential 



(r,<) = --r(EV- 4 - 



•Ee" 



t + ^-e wt , (1) 



where (j> + = [4>-]* = — eEr/2 and to > 0. We first con- 
sider linearly polarized microwaves whose polarization 
vector E = Ex points along the x-direction, i.e. par- 
allel to the direction of modulation. Results for more 
general polarizations will be quoted without derivation. 

In the absence of disorder, the Landau level states 
\nk) in the Landau gauge remain good eigenstates if 
the amplitude of the periodic modulation is small com- 
pared to the LL spacing hw c . (n denotes the LL in- 
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FIG. 1: Relevant processes in the regime iv -C w c . Full lines 
represent microwave absorption (</>+) or emission (</>-) and 
dashed lines disorder scattering (U). In processes (a) and (b), 
the intermediate states are in the same (valence) LL as the 
initial and final states. As shown in the text, these processes 
dominate the photocurrent. For processes (c)-(f), the LL in- 
dex of the intermediate states differs by one from the LL index 
of initial and final states. Their contribution are smaller by a 
factor lo/uJc than (a) and (b). 



dex and k the momentum in y direction.) The corre- 
sponding eigenenergies are approximately given by e° fc ~ 



fku c (n + i) + V n cos(Qkl 2 B ), where the modulation ampli- 
tude V n is given by V n ~ VJo(qR c ) for large LL index n. 
[Ib = {h/eB) 1 / 2 is the magnetic length, R c the cyclotron 
radius, and J n {z) denotes a Bessel function.) 

To identify the relevant microwave-induced processes, 
we discuss the matrix elements of U and <j>. For mi- 
crowaves linearly polarized in the x direction, the matrix 
elements for absorption and emission are the same and 
given by 



(n'k'\(j)±\nk} 



eE 
eER, 



k£gS n , n '5k,k' 



(8n,n'-l + 8n,n' + l) Sk,k< ■ (2) 



This expression is valid in the limit of large LL indices 
n,n' 3> 1. The dominant microwave-induced processes 
contributing to the photocurrent arise from the contri- 
butions 



T± = UG Q <i> ± + c^ ± G U 



(4) 



to the general T-matrix 



T = U + (j> + (U + (f>)G (U + cf>) + ... (5) 
of the systemiii Here, Go denotes the retarded Green 
function of the unperturbed system (U = <j> = 0). We 
refer to T + (T_) as disorder-assisted microwave absorp- 
tion (emission). T + and T_ can be considered separately, 
since they contribute incoherently. The matrix elements 
of T_ can be shown to equal those of T + up to a phase. 

We now specialize to the regime ui <C oj c for well- 
separated LLs, which is the focus of this paper. In 
this case, only scattering processes with initial and fi- 
nal state in the same LL are relevant. Disorder-assisted 
microwave absorption and emission then proceeds via in- 
termediate states either in the same LL (with amplitude 
Mo) or in neighboring LLs (with amplitude Mi), so that 
{nk' |T + | nk) = Mq + M±. These processes are depicted 
in Fig. H](a),(b) and (c)-(f), respectively. We find that 
the amplitude Mi is smaller than Mo in the parameter 
lu/uj c . Thus, we first turn to the contribution Mo which, 
using Eq. (J2J), is equal to 



Mo = (nk' \U\ nk)G 0t nk(e n k +u){nk \<j> + \ nk) 
+ (nk' ' \</>+\nk')Go, nk '(e n k)(nk' ' \U\nk) 

= — (k'-k)£ 2 B (nk'\U\nk) . 

2,Ld 



(6) 



Here we used that G ,„fc(e„fc +to) = {e nk + u) - e nk ) 1 = 
uj- 1 and Go,„fc'(e nfc ) = (e nk - e„ fe -) _1 = -w -1 . With Eq. 
©, we obtain 



Thus, microwaves leave the LL index unchanged or cou- 
ple neighboring LLs. By contrast, the disorder potential 
has nonzero matrix elements between arbitrary LLs, 



\{n'k'\U\nk)\ 2 
d 2 q 



_ fc [J\ n >- n \(qRc)] 2 W(<l). (3) 
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valid in the limit of high Landau levels. 

We now turn to an estimate of the contribution M\. 
The processes depicted in Fig. Q](c)-(f) lead to 



Mi = (iik 1 \U\ n + lk)Go, n +ik(e n k + + lk \(f>+\ nk) + (nk' \U\ n - lk)Go, n -ik(^nk +uj)(n — Ik \<j) + \ nk) 
+ (nk' |0+| n- lfc')Go,n-ife'(e„ fc )(n - lk' \U\ nk) + (nk' \<j, + \n + lk')Go <n+lk ,{e nk )(n + lk' \U\ nk) 



eER r 



(nk'\U\n + lk) (nk'\U\n~lk) (n-lk'\U\nk) (n + lk'\U\nk) 



uj — UJ C 



to - 



(8) 
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At first sight, the ratio Mi /Mo is of order 
(R c /q£g)(uj/uj c ). For smooth disorder, q ~ l/£, so 
that Mi /M ~ (k F £)(u;/uj c ), where k F £ > 1. This 
would imply that Mi can actually dominate over Mq. 
However, this estimate turns out to be too simplistic. 
The reason is that for w<u c , we can write Eq. (JHJ) as 

Mi = ^^l{[(n-lk'\U\nk)-{nk'\U\n+lk)\ 

+ [(nk' \U\ n-lk)-{n + lk' \U\ nk)]} . (9) 

We observe that the square brackets involve differences 
of matrix elements which differ by a uniform shift by one 
Landau level. This leads to a partial cancellation which 
reduces our previous estimate of Mi by q/kp ~ l/k F ^. 
As a result, we find that Mi /Mq ~ lo/uj c as claimed 
above. 



III. PHOTOCURRENT 



A. Mechanisms 



In perturbation theory, disorder-assisted microwave 
absorption and emission leads to two contributions to the 
photocurrent. First, it changes the electron momentum 
from k to k' , which effectively corresponds to real-space 
jumps in the x direction of length [k 1 — k)£%. Due to 
the applied dc electric field, these jumps occur prefer- 
entially in a fixed direction. Generalizing the approach 
of Titeica™ to the present situation, this displacement 
contribution to the longitudinal photocurrent can be ex- 
pressed asii 



J '° P = Tjr £ £ 5>' " k)fB Knk ' ]T ° l nk)]2 [fnk " ^ 5{enk " enk ' + ™ ] - (10) 

x " er=± n k,k' 

Here f® k is the equilibrium electron distribution function and e nk = e° k — eEd c kt 2 B is the Landau level energy including 
the effect of the dc electric field. 

Secondly, the microwaves change the electronic distribution function away from equilibrium. The resulting distri- 
bution function contribution to the longitudinal photocurrent isi£ 



■DF 



ne 



Jx r r 

n k.k 



-Y.Y.( k ' - k ^B \( nk ' \ U \ nk )\ 2 \- S fnk ~ Sfnk'} S(e nk - enfc/), (11) 



r 



where 6f nk — Ink — fnk IS the deviation of the nonequi- 
librium electron distribution function f n k from the equi- 
librium distribution The distribution function f nk 
can be obtained from the kinetic equation 

dfnk _ ( df n k \ ( df n k \ /nk ~ /°k f^) 

dt V dt J dis { dt J mw r m ■ 1 ' 

This kinetic equation includes collision inte- 
grals for disorder scattering, (df n k/dt) dis = 
Y,n>k> 27r|(n'fc'|f7|nfc)| 2 [/„/ fe / - f n k}5{e nk -e n > k >), and for 
disorder-assisted microwave absorption and emission, 
(df nk /dt) mw = En'k'E,=±^\(n'k'\T a \nk)\^f nlkl - 
fnk]$( e nk ~ e n'k' + Gui). These collision integrals involve 
the electron energies including the effects of the dc 
electric field. Finally, we include inelastic relaxation 
within the relaxation-time approximation, with a 
phcnomenological relaxation time r ln . 

B. Longitudinal Photocurrent 

In this section, we compute the photocurrent for dc 
electric fields applied along the modulation direction. 
We first turn to the distribution-function mechanism 



which gives the dominant contribution in the (experi- 
mentally relevant) limit of slow inelastic relaxation. The 
microwave-induced change in the distribution function, 
as obtained from the kinetic equation 112|) . equals 

SfNk = r in ^^2^|(iVfc'|r CT |iVfc)| 2 

k' a 

x(f°Nk> ~ f°Nk)6(e° Nk - e° Nk , + aco), (13) 

where N denotes the valence Landau level in which the 
Fermi energy is situated. 5f n k vanishes for all other 
Landau levels n ^ N . In the limit of ui c ^ T ^> V, 
the distribution function changes only weakly within the 
Landau level. Exploiting the S function, we can thus 
write f% k , - f% k ~ -aPun F (e° Nk )[l - n F (e° Nk )], where 
= l/ksT and n F (e) denotes the Fermi-Dirac distribu- 
tion. Noting that to leading order n F (e% k ) is just the 
partial filling factor v* N of the valence Landau level, we 
obtain the relation 

f Nk ,-f Nk ^-(Tl3uv* N {l-v* N ). (14) 

Thus, the change in the distribution function is maximal 
at the center of the Landau level and falls off to zero 
towards the Landau-level edges. Inserting the expression 



4 



(|7|l for the matrix element and performing the sum over k' , we obtain 
I 



eE 

SfNk = -2TTTi n /3uV%(l - V%) ( — 



dq 



fe4Jo( 9j R c )] 2 ^(q)<5( 



Affe — c Nk+q v 



<JU>). 



(15) 



The q integration simplifies significantly in the limit 
Af<a<iy^ where it factorizes into an average over 
the 6 function and an integral over the remaining inte- 
grand. The average over the S function can be expressed 
through the Landau-level density of states, 



( S (^Nk - 4fk+q y + ™))k 

= 2-Kl 2 B v*{e° Nk + au)6(V- 



~Nk 



H). (16) 



Here, we introduced the LL density of states f*(e) — 
v*v*{e) where v* = (1/2tt£|) (I/ttVat) denotes the DOS 
at the LL center and v*{e) = 1/[1 - [(e - E N )/V N } 2 }^ 2 
a normalized density of states. Exploiting the fact that 
the integrand of the remaining q integration is cut off by 
the correlator W(q) at large q, we can replace the Bessel 
function by an asymptotic expression for large argument. 
In this way, we can relate the integral to the zero-field 
transport mean free path, defined by 

1 1 f°° 

— = / dq(q 2 /2k 2 F )W(q). (17) 

Ttr TTVp Jq 

This yields for the change in the distribution function 



SfNk = -/3cov N (l - v* N ) 



eER c 
2lu 



e(V-\e° Nk + aw\). (18) 



This expression should be inserted into Eq. (|llf> . Here, 
we introduced the transport mean free path r t *(e) = 
Tt T v/v*(e) in the presence of the magnetic field, (y is 
the DOS in the absence of the i?-field.) In a smooth 
random potential, this should be distinguished from the 
single-particle mean free paths r s and r*(e) = T s v/v*[e) 
in the absence and presence of B, respectively. 

By a sequence of steps very similar to those for the 
evaluation of 5fwk just described, we can rewrite Eq. 
ffTTfl as 



DF 



e 2 ^v* 
2t* 



2irt 



dSf Nk \ _ 

) v ( e Nk)- 

ut Nk 



Finally performing the sum over k, we obtain the result 



= -2piju* N (l-u* N ) 
x Bx {u)/2V N ) , 



e 2 ^v* 
2r* 



eER c 
2uj 



(20) 



where 



B-l{u/2Vn) = —^f de[v*(e)] 2 v*(e + Lu). (21) 



We obtain for this integral 



l-2x 



1G 



(x 



\3/2 



hi 



A 



(22) 



Here, A denotes an effective broadening in energy of the 
LL edge due to disorder or the dc electric field, both of 
which cut off the logarithmic divergence of the integral. 

The sign and frequency dependence of the longitudi- 
nal distribution function contribution are therefore de- 
termined by the function — xB\{x). This function is 
plotted in Fig. El We find a negative photoconductiv- 
ity in the frequency range u> < Vjv. For larger frequen- 
cies Vn < u) < 2Vn, the sign of the photoconductivity 
changes. This sign change is a specific feature of our 
model, arising from the singular density of states at the 
band edge for the static periodic modulation potential. 
While this sign change is an interesting feature of our 
model and may be helpful in distinguishing between the 
displacement and the distribution function mechanism 
in an appropriate experiment, it is not expected to oc- 
cur in a more generic situation without a singularity at 
the Landau level edge. Specifically, one expects a neg- 
ative photoconductivity for all u < 2Vn for the case of 
disorder-broadened Landau levels, relevant to current ex- 
periments. 

By a similar calculation, starting from Eq. I|ll)f) . we 
obtain 



.DP 



cx -f3ujv* N (l - v* N ) 
x Ax (uj/2V n ) 



R c 

2t* 



eER c 
2lo 



(23) 



for the longitudinal displacement photoconductivity. We 
note in passing that the precise numerical prefactor 
of cr°J depends on the details of the smooth-disorder 
model. Clearly, this result is parametrically smaller than 
the distribution-function mechanism by a factor r* /Tj n , 
where r* denotes the single-particle scattering time in 
the presence of the magnetic field. The function A\ ap- 
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FIG. 2: Sign and frequency dependence of the pho- 
tocurrent. Left panel: functions — xAi {x) (full line) and 
—xB\{x)/ ln(Vjv/ A) (dashed) determining the sign and fre- 
quency dependence of the displacement and distribution- 
function contributions to the longitudinal photoconductivi- 
ties, respectively (with x — u/2Vn)- Right panel: the corre- 
sponding functions — £.4.2(2;) (full line) and —XB2 (x) (dashed) 
for the transverse photocurrent. 



pearing in Eq. (|23[) is given by 
Ax{x) = 



1 



s_d_el r j2tB dq 

2irdx a J_ a/2i% % J&?(Q qy P B / 2 )-x* 



3_d_ 

7T 2 dx 



K 



1 — X' 



(24) 



and plotted in Fig. [5] Here, K(x) denotes a complete 
elliptic function. 

The dominant distribution-function contribution to 
the longitudinal photocurrent is independent of the 
microwave polarization. This is different from the 
cyclotron-resonance case^i where the photocurrent de- 
pends on the type of circular polarization^ 



C. Transverse Photocurrent 

It was shown in Ref. ^3 that within our model, the 
contributions of the displacement and the distribution- 
function mechanisms to the transverse photocurrent can 
be of the same order of magnitude for the cyclotron res- 
onance u> ~ lu c . We find the same conclusion to hold for 
intra-LL transitions. 

The methods used in Ref. can be readily extended 
to intra-LL transitions. The essential new ingredient 
in computing the distribution-function contribution is a 
drift term —eEd c {df n k/dk) which enters the RHS of the 
kinetic equation, Eq. (|12[1 . In this way, we arrive at the 



result 

x B 2 (uj/2V n ) 
where B 2 {lo /2Vm) is given by 



eER c 
2uj 



(25) 



B ^ 2V ^ = -lJS de ww ne+UJ) - (26) 



We obtain for this integral 
B 2 (x) — Ax farcsin(l — 2x) 



4v^ 



(27) 



Computing the displacement contribution to the trans- 
verse photoconductivity requires one to evaluate transi- 
tion rates between quantum states corresponding to the 
"meander" equipotential lines in the presence of both 
static periodic modulation and dc electric field. Follow- 
ing the relevant formalism developed in Ref. Il7l we ob- 
tain 



DP 



-2f3u V * N (l-v* N ) [e 2 (v 2 y T s *)i>* 
xA 2 (lo/2V n ) 



eER c 
2lo 



(28) 



The frequency dependence of the photocurrent is de- 
scribed by the function A 2 given by 



A 2 (x) = 



r /2£| , 



a J-*/*P B ^sm 2 (Qq y £ 2 B /2)-x 2 

= 2xK(y/l -x 2 ). (29) 

A plot of B 2 and A 2 is provided in Fig. [2J 

Note the singular dependence of the displacement con- 
tribution to the transverse photoconductivity on the dc 
electric field Ed c - This singularity is cut off for small 
dc electric fields by inelastic processes when E dc ~ E^ c , 
where E* dc = Ba/2n^/ : F~¥f^ For E dc < E* c , the pho- 
toconductivity crosses over to Ohmic behavior, matching 
with Eq. J2gJ for E dc — E£ C J1 This implies that the con- 
tributions by displacement and distribution mechanisms 
are of the same order of magnitude in the transverse case. 

We finally remark that both displacement and 
distribution-function contribution to the intra-LL trans- 
verse photocurrent are independent of the type of polar- 
ization. 



D. Comparison with experiment 

Strictly speaking, our model is different from the ex- 
perimental system, due to the assumption of a static pe- 
riodic potential. However, previous workii shows that 
the magnitude of the longitudinal photocurrent obtained 
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within our model is parametrically identical to that for 
disorder-broadened Landau levels. Specific features arise 
within our model due to its anomalous density of states 
at the LL edge which leads to additional sign changes of 
the photocurrent. 

Keeping these caveats in mind, we compare our results 
to the experiment of Ref. Il9l Our main results relevant 
to experiment are: 

(i) When ignoring effects of the singular density of 
states at the LL edge, the sign of the photocurrent 
due to intra-LL transitions is negative, leading to 
a reduction of the experimentally observed resistiv- 
ity. 

(ii) Comparing the longitudinal photoconductivity in 
Eq. to the dark conductivity a*f k = 
e 2 (i?g/2r t *)i/*, we find that their ratio depends on 
magnetic field as a^ F /(7^ rk - i^/r*. ~ l/B at 
fixed to. This magnetic- field dependence actually 
also holds for inter-LL processes^ 

(iii) The amplitude of the photoconductivity due to 
intra-LL transitions scales as ~ 1/uj with the mi- 
crowave frequency, see Eq. Q20(l . 

(iv) Due to the factor — f^-), the magnitude of the 
effect is strongest in the LL center and falls off to 
zero towards the LL edge. We note that this filling- 
factor dependence is specific to intra-LL transitions 
and does not occur for inter-LL transitions near the 
cyclotron resonance or its harmonics^ 

These results are in good agreement with the central 
experimental observations, (i) explains the sign of the 
effect, (ii) is in agreement with the observations that 
over the magnetic-field range where intra-LL processes 
dominate, the relative microwave-induced suppression of 
the conductivity decreases as the magnetic field increases 
(see Fig. f of Ref. El). In addition, this magnetic-field 
scaling explains why zero-resistance states could not be 
reached in the regime of intra-LL transitions which occur 
at higher magnetic fields compared to the cyclotron res- 
onance or its harmonics, (iii) is in accordance with the 
observation that the microwave-induced reduction of the 



diagonal resistivity decreases with increasing microwave 
frequency (see Fig. 2 of Ref. 0). Finally, (iv) implies that 
the photoconductivity suppresses the Shubnikov-deHaas 
oscillations, an effect which was very pronounced exper- 
imentally. 



IV. SUMMARY 

We have studied the microwave photoconductivity of a 
2DEG in a perpendicular magnetic field with additional 
unidirectional static periodic modulation in the regime of 
intra-LL transitions. We identify the dominant disorder- 
assisted microwave absorption and emission processes for 
this regime and compute both the longitudinal and trans- 
verse photocurrents. 

We find that the distribution-function mechanism 
dominates for the longitudinal photocurrent while both 
distribution-function and displacement mechanism con- 
tribute to the same order to the transverse photocur- 
rent. Except for subdominant contributions, we find that 
the photoconductivity due to intra-LL processes is po- 
larization independent. The singular density of states 
of our model near the LL edges leads to interesting 
sign changes, making the photoconductivity positive in 
certain frequency ranges. With the exception of these 
model-specific predictions, our results are in good agree- 
ment with experiment. Specifically, we can explain the 
microwave-induced suppression of the Shubnikov-deHaas 
oscillations in the regime of intra-LL transitions. 

Note: During the completion of this manuscript, we 
became aware of related work (V. Ryzhii, preprint: 
cond-mat/041 1 370 X.L. Lei, S.Y. Liu, preprint: 
cond-mat/041 1717) focusing on intra-LL transitions 
within different scenarios for the photoconductivity. 
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